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5 et i K 09 ], E AT T 52 R(V). PSILRRL ¥ w8 5k F) 49 b A5 (1-gp) Ao B R M o 4% 38 3% B (ETR) LT A2 %o,
# T FME T 84 B8 5ot B GETRFeF JF, B 3% T 1%, 1-qoAaV, 8 % EIF, X Z AT I8 T4 AOXig 2 )5, F 445
vt R A B EEGRAE. LR R R T FIMA T, AOXIRZ AT S8 50T K 09 s R p A2 &2 0915 A .
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Up-Regulation of the Mitochondrial Alternative Oxidase Pathway Enhances

Photoprotection in Malus hupehensis Leaves under Drought Stress

XU Xiu-Yu"", SUN Shan®", JIN Li-Qiao', LIU Mei-Jun', GAO Hui-Yuan""
'State Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University, Tai'an, Shandong 271018,
China; *Shandong Institute of Pomology, Tai’an, Shandong 271000, China

Abstract: The role of mitochondrial alternative oxidase (AOX) pathway in photoprotection in Malus hupehen-
sis leaves under drought stress was studied. The results indicated that drought increased the amount of leaf
AOX protein and also enhanced the activity of AOX pathway. Under high light intensity, and after treated with
salicylhydroxamic acid (SHAM) to inhibit the AOX pathway, the maximal photochemical efficiency of PSII
(FJF,), the J steps at the relative variable fluorescence kinetics (), the PSII excitation pressure (1—¢;), and
electron transport rate (ETR) was not affected in water-replete plants, while the ETR and F/F,, significantly de-
creased, while the 1—¢, and V] significantly increased in drought-stressed plants, indicating that under drought-
stress condition, the inhibition of AOX pathway caused more severe photoinhibition. The results demonstrate
that the AOX pathway plays an important role in the photoprotection in M. hupehensis leaves under drought
stress.

Key words: Malus hupehensis; mitochondrial alternative oxidase pathway; drought stress; photoprotection;
salicylhydroxamic acid

o R A R AR AT 2 2% I e, 1A i i, B
Y D €0 2RI AR (COXGR A2 ) R AZ 5 P IR 4%
LR BT RIS NP B Ak 7y 32, DAAZ B
ANEF(AOX) N A bify S AL T 1) il B b i 1A% 326
B HTEAZ I 116 )X ATP/ADP LL 1 1)
BRI, BT LA A B R A I R, BRIV R
NAD(P)H, [t e v] DLVH AE L 1L a4 Bid 2 1)
HLF-, BH Lk PR B (1) 3 %A AL (McDonald 2008). it
R 7R, AOXIR A% fe Mo i/ 1 M 1 =
AL, FEHEWPI O R KRN SRR E
MGG ST, 7 3R T, DRDERE
233 ARG A F A R 1 3 PR O iR DA B T

A, FEOGIE L DGR 1) K 4 (Yoshida
22007). AR, AOXRETE R T+ A
H B IR 4814 FH (Noguchi 1 Yoshida 2008).
BEAh, AL % BT I AR W], AOXIRARAE 1R
N5 S A TR 0T B TR IR 0 7T DA 21 6 i K By
VE R (EAEREE2012). IR, AOXIBIRAEMEY
P KGR T TH B NATTHIRIE 78 R
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B, &5 N1k, NI AOX@ A K EHIA R
A P BT T A A RS BR T IR 2K 20 2 A T BRORELAR,
ikt R E R EAOXERF & 75 ARG
JCHEIR BT AR P A R MRS [ R 5 e
K& B IR TR 20 H T I 3 B e, T 5 5]
FrRALRMA, BRI T e & 1E R RICOL IR, B
o R A H T G (Chaves 1991). [AI
5 Tl L T A ] A e R A A S B Bl 1 A
ANE VE(Z Eh ORI 32 )5 R 1988) . FEIXMHELL T,
AOXBIRVETE R B 22 2T R Mamm, k%
JCHIRHI B IRE 1 7 B B AOXGR IR AR IR B
TERE )2 15 32 T F W i, 102 — > ik 7
MR 1o 1) B T 5 AOXGE P A S M 1
LA S AOXIRARAE T 5 a8 T 1R G RBEA B AL o)
AEERHRE .

BEAb, Hi ANBT 7 AOX I A% R B/ I #1 2 H
RIS AN SRR AR, TR AR
IV AOX B 12 R CRIAR B R 3 5 1 B IR
e AR 8RR UM EL, SRITAOX B2 1E
AR AW O WA B A AR R, R ST B R
AOXIEAZIFENA, LL A AOXGEARAE T T iE T Xt
B UK GBI Bl 8 K TR

MRS 7EE

1 B R 540

RIG AR T20154E5 H EAHCE L AR S
AFF 70 P B (B, R ARG A AR — B P AR A B
ZR[Malus hupehensis (Pamp.) Rehd. |52, #6481
W25 em. 530 emAEKE T, BE—%, B
8.0 kgl KH £, TR HE & KFFKEN
26.9%, WAL = R TR, 5 IEE (14 h)y&Z (10 h)
TRJE N26~32 °C/22~28 C, W KGN 200
umol-m™s™ e A7, BEA A K R 2 A R B

6 7 1y, I FH— B AR 4GRS, #2A
T3 KA AR PR, TR AR K (SR XS 2 K & D H A
B R RF7K B 111 80%) A1 5 JHh s (- AR X 5K &
NEKFKERI40%), FAEHEIANER . h6H6
Tk FHRR EVE AT KA Ab B, B R R b K A
BEEIKEIR B BRI K, UG &R &
IR 787K 43, HEAS RS IR, N R Sk B A
2 eSS BTt Ve 2 IR ZERE— . 1B H

TE AR KFI T B i AR 3 — U Th e it 3%
PR AR AR (1 Th G 20 ) F 2% B8 1 /K O B A2
mmol L™ 7K #3852 5 R (SHAM) ¥ i (Ab B 40 ) 78
SRR S N TRALEES h, SRS HE T R IK Y,
BT E30 min, 1 200 pmol-m™ s i
FTCAb L, ARG AL TR0, 2814 hitt FEAT A N 2
B E
2 REFIIRERNE

2 3 AN ] ' R B ) A R S, 43 590300 5 A [ 7K
I AR BRSBTS G IR R . AR
HREE(2012)77 1%, FIHOXYTHERMA HLHK
(Hansatech, JE[E), 7£25 “CZ&F Tl M 3 %,
J B 25 P B HOX Y THERM 4R L bl i35 i 2 B [
izl T N AR A N2 mLB R 2% v (pH
6.8), NIANFEAZ1.0 con [ [5 J, 78 SRS Hh il s -
FIFEAE R, MR ER BB R RE G, R
10~20 min[X [4SRG R BEALRE TS B S0
W[ R gr» wmol (0,)-m?s™]o K5I H S 2%
T, FEHTAE SONAR IO A ¥R B 20 mmol L
SHAM B IR 2% 11, 7E25 C 244 T 1H 720 min,
TE B G o i R U R, MR Sk B
Fas R A 5, MR 10~20 min[X (8] & SR T 14
R A OX MW, 34 426 52 U0 R (1) 981 4% T W 3o =
[R..., tmol (0,)m?'s"], AOXIE NP A: R,y ox=
Riu—Riesie N T THBRAEY) Z (8] S W 2 8] EH B A7
1R 2 5, BATLAAOX (1) IR S 26 5 P 5 2 11
EEAB (R pox/ Riorat) K LT B S H A (I AOX & 1%
FIFERIIEE . A S256 2 mmol-L™ SHAM &L 3 %}
TE 5 LK AN T 52 B3 R I F 00 o R Y A P
Z 5, IR RAFAET0% (45 R A5 ), K2
mmol-L" SHAM#E T LLJG k56 v, X — ikt
Wl AIE B oF A 4 K U 2 SR I IR, T e G R
AOX P il 551 45 v a5 ok 1 & /E FH (Moller %%
1988).
3 MHRZRRASIREMFRRKIE S HZEANE

K FHHFMS-2 UG 4% ik o il i1l =X 9% 6 4% (Hansat-
ech, B [E) 52 AS R Ab B2 5 7 B A kg R
KB H. EAFET AR Bkl K — 3
(O Th BE S I8 AP RL, 1 SR i H A e G2 p
A5 4R N K(CK)ESHAM AR 35 h, 4R )5
W B T A 30 min, Kb FE R
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PRZH, — M AL BOGE L 20 minf i N
J&, A AE R 2R R RS 55— H M e
1 200 pmol-m™-s™ fFYMSLI1000N1(Y DI BRAT (T*
e, FE)T A2 hAI4 hfE, TE MRS .
A e M T 3 3R (ETR) 4% 18 Genty 25 (1989)
(R 75 21 H B J6ad N R PSTR N Aty ¢ A 4 B 6]
(1—gp) % B Maxwell fllJohnson (2000) ] J7 23
.

FiHandy-PEA % 2Lk 30 ¢ /4% (Hansatech,
o [ ) 5 PR Sk 2K G 15 5 80 ) A it 2k (OJIP
MZk). ¥ Bk LB A 2220 minfF &R 5, H
Handy-PEAFZ {141 F15%(3 000 pmol-m™s™), 1 i
N1 s, BPAf43 2OJIPHIZE . MOJIPHIZE - n] L)
HRERBS U 2 H(StresserfStresser 1995): F,, %
INGFE(20 ps); Fo, K. MR Stresser®s
(2000, 2004){1JIP-test, Xt 35 HIOIIPHE e 1% S5
J1FMEHAT . EEARILLTFSHC &0
12 2 (F JF )= (F ,—F )/ F,; FH% A28 5 5
(V)=(FF)(Fy=Fy)o AFJF,, (%) NF/F, [T
Bil(%), o BEIA T v & SHAMAEE S F/F,,
(T B AE 5 6 BRZHF/F A 4 b, A RN
AFJF, (%0)=[(F/F ) cx—(FJFn)suanl/ (F/F )k o
4 AOXEHBERNE

020.2 g ANEK 73 b BE S HEAR B, 0
A1 mLEEU (400 mmol-L™'fEH%, 50 mmol-L™
HEPES-KOH, pH 7.8, 20 mmol-L" NacCl, 2
mmol-L" EDTA, 2 mmol-L" MgCl, 1% B-3fi3& 2. 1%)
WFEE, FEIIN0.05 g PVPPFE /3. 4 “C. 12 000
gB505 min, BRI, HUKINIIAE20 uL. SDS-
PAGEHLJK 4 R J5, & H# 2 R =9 & )& 7
(PVDF)J&, 5%MiNE @k (Sigma A 7)) i 3] 412 h,
JIANAOX—Hi, 4 CHATHELR . 4E9iCE
PLARHRP, 1:4 000) )5 K FH A6 RO R B Rg, 1§
FGel-Pro Analyzer 4.053 81 R G472 &7 .

5 ARSI

H,O, [ %€ : %8 Patterson 5 (1984) 1 /712,
Bk (2.5 emx3 em), WA &0 )5, BIERR
REZE S, ME ER-H,0, 1 B G H7E415 nmib (1)1
WSE, HLO, 9 FE P b h 26 1 H 5215 31

H,0,2H 4k 2¢ e 2 I Thordal-Christensen
%5(1997) M Liu%(2007) ) 5. M A EHO.1
mg-mL" 3,3"-%f G FE 4% (3,3'-diaminobenzidine,
DAB)50 mmol-L" Tris-E&#2(Tris-acetate, pH 3.8)
WP EABE . EiR T B E 24 hiff T g
o REBRER, KGR A 80% L gt
70 ‘CA&10 min. #¢)o EAH.

SKIEER

1 FEPMBXTFEFHFMH FFRIEENS M

R LRI F s T F B A S0
ET . B PIR 3 EALHE AOX IR I FICOX IR,
T2 T, AOXIEE IR & T, Ll T
67.1%, HEIRCOXIRAE 1) PR 0% AT 39, AH i
o7 Ak PR ) B AG (COX PR/ S WP PR ) 5 %o B R AR A
bR 2R . XK T2 PR 3 2
ST AOX IV 38 it B 1) o
2 FEMETFEEMHEMHFAOXEH KN

T TR AOXE A RIS E
M, FAT12K FH Western Blot ) 77 V2 Ml AOX H 1%
HINAEN . AOXHE I TEHE Y WA W A7 7R IR
A, AR AOX AR DL R B E R, TR E R
BAK, FRNEMABAOX (FEIE M BEIE TR D),
T BAAA U A PR 930 SR A AOX (0 M B mn & PR R )
(Vanlerberghe fllMcIntosh 1997). & 1f7w, T
i AOX K B H ik & B3 m, &b
AAOX (70 kDa)Flit JEAAOX (35 kDa)#f £ 3
AHSE F 38 o e B, 1 O JiE A AO X 438 i &2 56

&,

R TR EXF B A F S IE . COXPFIYFTAOX I 1 5211

Table 1 Effect of drought stress on total respiration, COX respiration and AOX respiration in M. hupehensis leaves

RFE EAIEIE/umol (0,) m™s’ AOXEN /umol (O,)-m™-s”  COXIE/umol (O,)-m™-s™  AOXIFIR/SIE (%) COXIEIL/ & IFT (%)

0.73+0.15"
1.22+0.29"

2.59+0.46"
3.3540.60°

EH ok
TR

1.86+0.32" 28+5° 72+10°
2.1340.29" 36+7° 64+7°

[F 51 B0 55 A [ /N5 R R R 22 7 18,35 (P<0.05) .
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Fig.1 The analysis of the content of the AOX protein
A: AOX 5 B Western Blotill 5 B: % A ALZS (~70 kDa) FliL JH 5 (~35 kDa) AOX R L & B e S . HETE LA RN S 25t
FoR BT R 7 5 . 35 (P<0.05); T &I

3 X TAOXMEXEMRIEIL 700 OE##k
N T FF R A F I KA R iE N AOX _eof WTE T
S
IS M R, FATHT 200 pmol-m™-s™ = Sor =
WICHELEIRS T E R, 2 BITE SRR 0, 2 5 w0 b b
4 WK AOX KM G k. 5 S 2R, 306 T, g sof 3 :
TEF BRI T S PE P B F R A AOXE P4 i g 20f
# b, BV OGN A  Inisg hn . i 5 10
SR N e P WA A VAN O €l il s ] 0 0 : ) : ?
VI 5 T TE R Bk R R T SR -
4 SHAMAIEHIHIAOXIE R Gt FBEAF/F,
- " 2 S F AOXHIATE b B B 1 25 1
o o . . Fig.2 The relative activities of AOX pathway in drought
FJF R PSTI ORI 503, oz stressed leaves and in controls under light for different time
RIPSIDGHIHI ) SR FE AR . tHEI3-AT LUR Y, TR R AIEAT ST AL o
A 10 B 60r mOiE#ftk
0.8 s mre &
0.6 S o
g . b ¥
‘E = 300 b
0.4 | =1
& 20t
0.2 | ——W+SHAM d = ok c
—A—D+SHAM c c
0 1 4 0_=£=ﬁ ! '
0 2 4 0 2 4
JEHE I Al /h JEHR B ) /h

I3 ARG (8] N SHAM AR FT IE 5 (K A1 55640 1 B &R M 7 FL/F, 520
Fig.3 Effects of SHAM treatments on the F,/F, in leaves of well-irrigated and drought stressed
M. hupehensis under light for different time
W. D. W+SHAMHID+SHAM A 4 IEH K. T-5 . I f/K+SHAMHAI T F+SHAM. BRI HET T5IKE R, ARF 124
Hells /5B NG FREAS R IR AN R A B 8] A7 i 3 122 57 (P<0.05)
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BRI B8 B ROGEF/FERHCT R, i
SHAMAMNHAOXIEAL )5, WF/F fETC 2% 0. i
JEACEE2 b5, HIEE KA EAE AR L, TR MhE T
K B R R A F /P, 5% T, 520640 TE2 hir,
a2 a A g, 8 e T H AOX & 1%
JEF,/F %7 22.8%, #6054 hivf, F/F {8 T
T41.2% (K3-B). XEHF LT, #fAOXiE
g, INE TP BEFAS A e .

A 12F ow
AD
_ 10T ew+SHAM
a7 AD+SHAM
B 0.8
K
B 0.6F
=
E 041
02F

0.01 0.1 1
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Fig.4 Effects of SHAM treatments on the relative variable fluorescence kinetics of PSII in the well-irrigated or drought stressed

leaves of M. hupehensis under 1 200 pmol-m™-s™ light
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Fig.5 Effects of SHAM treatments on the ETR and 1—¢g,; in leaves of well-irrigated and drought stressed M. hupehensis under

1200 umol-m™s™ light for 4 hours
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Fig.6 Effects of SHAM treatments on the H,O, content in leaves of well-irrigated and drought stressed M. hupehensis
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